The MRE11 complex (MRE11, RAD50 and NBS1) and the ataxiatelangiectasia mutated (ATM) kinase function in the same DNA damage response pathway to effect cell cycle checkpoint activation and apoptosis [1] [2] [3] . The functional interaction between the MRE11 complex and ATM has been proposed to require a conserved C-terminal domain of NBS1 for recruitment of ATM to sites of DNA damage 4, 5 . Human Nijmegen breakage syndrome (NBS) cells and those derived from multiple mouse models of NBS express a hypomorphic NBS1 allele that exhibits impaired ATM activity despite having an intact C-terminal domain 3, [6] [7] [8] [9] [10] [11] . This indicates that the NBS1 C terminus is not sufficient for ATM function. We derived Nbs1 DC/DC mice in which the C-terminal ATM interaction domain is deleted. Nbs1 DC/DC cells exhibit intra-S-phase checkpoint defects, but are otherwise indistinguishable from wild-type cells with respect to other checkpoint functions, ionizing radiation sensitivity and chromosome stability. However, multiple tissues of Nbs1 DC/DC mice showed a severe apoptotic defect, comparable to that of ATM-or CHK2-deficient animals. Analysis of p53 transcriptional targets and ATM substrates showed that, in contrast to the phenotype of Chk2 2/2 mice, NBS1 DC does not impair the induction of proapoptotic genes. Instead, the defects observed in Nbs1 DC/DC result from impaired phosphorylation of ATM targets including SMC1 and the proapoptotic factor, BID.
To address the role of the conserved C-terminal domain of NBS1, homologous recombination was used to delete exon 15 of the Nbs1 (also known as Nbn) gene ( Supplementary Fig. 1 ). Splicing from exon 14 to 16 in the ensuing allele, hereafter designated Nbs1 DC , results in a nonsense mutation. The messenger RNA transcribed from the targeted allele encodes an NBS1 protein that terminates after a non-native isoleucine and lacks the C-terminal 24 amino acids, which include the ATM binding domain (Fig. 1a, b) . Western blotting confirmed that a smaller NBS1 protein was produced ( Fig. 1c) and immunoprecipitation with NBS1 antisera demonstrated that the MRE11 complex was intact and present at normal levels in Nbs1 DC/DC cells (Fig. 1d) . In contrast to cells from NBS patients and Nbs1
DB/DB mice 6,9 , the MRE11 complex exhibited normal nuclear localization and ionizing-radiation-induced foci (IRIF)-formation in Nbs1 DC/DC cells ( Supplementary Fig. 2a ).
Nbs1
DC/DC mice were viable and born in normal mendelian ratios, and they did not exhibit overt developmental defects.
Unlike Atm 2/2 cells, Nbs1 DC/DC mouse embryo fibroblasts (MEFs) did not senesce prematurely, did not exhibit increased spontaneous chromosome aberrations and were not sensitive to c-irradiation ( Supplementary Fig. 2b , c, and data not shown) [12] [13] [14] . Atm 2/2 mice uniformly develop thymic lymphoma from 2 to 8 months of age 12, 14 . Whereas 90% of Atm 2/2 mice in our colony present with lymphoma by 8 months, none has been observed in Nbs1 DC/DC mice of the same age ( Supplementary Fig. 3a) .
Atm
2/2 mice and ATM-deficient cells from ataxia telangiectasia patients are defective in the activation of DNA-damage-dependent checkpoints at the G1/S and G2/M transitions, and within S phase 3, [12] [13] [14] . Cells established from NBS patients, and from mice that model the Nbs1 657D5 allele, have normal G1/S checkpoints 15, 16 , but are defective in the imposition of intra-S-phase and G2/M DNAdamage-dependent checkpoints 9, 11, 17 . Neither the G1/S nor the G2/ M DNA-damage-dependent cell cycle checkpoints were altered in early passage Nbs1 DC/DC MEFs, indicating that these ATM-dependent checkpoints did not require the NBS1 C terminus (Fig. 2a, b) . In contrast, Nbs1 DC/DC cells exhibited an intra-S-phase checkpoint defect comparable to Nbs1
DB/DB
, suppressing DNA synthesis after 10 Gy of ionizing radiation by 36% compared with 51% in wild type (Fig. 2c) .
In response to ionizing radiation, ATM phosphorylates SMC1; this event is required for imposition of the intra-S-phase checkpoint 18 . Consistent with the defect observed, SMC1 phosphorylation on ionizing radiation exposure was reduced in Nbs1 DC/DC cells (Fig. 2d ). This did not seem to reflect impaired ATM activation because ATM autophosphorylation (at Ser 1981), an index of ATM activation 19 , was unaffected in Nbs1 DC/DC (Fig. 2e) . These data suggest that the NBS1 C-terminal domain governs the access of activated ATM to SMC1, and that impairing this event contributes to the checkpoint defect of Nbs1 DC/DC cells. In contrast to the relatively minor impact on cell cycle checkpoint functions, Nbs1
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DC exerted a profound influence on apoptosis. Rad50 S/S mice, which express the hypermorphic Rad50 S allele, exhibit ATM-dependent apoptotic attrition of haematopoietic cells, resulting in death from anaemia at 2-3 months of age 2, 20 . Rad50 S/S mice thus provide a uniquely sensitive context to assess ATM function. The onset of age-dependent anaemia in Rad50 S/S mice was markedly reduced by the presence of even a single Nbs1 DC allele 2 . Rad50 S/S Nbs1 1/DC and Rad50 S/S Nbs1 DC/DC mice did not exhibit pathology at 8 months, an age at which 97.5% of Rad50 S/S mice succumbed to anaemia ( Supplementary Fig. 3b ) 2, 20 . Flow cytometry confirmed that the attrition of B-, T-and myeloid-cell lineages was mitigated in Rad50 S/S Nbs1 DC/DC mice ( Supplementary Fig. 4 ). Rad50 S/S mice also exhibit apoptosis in the semeniferous tubules 20 and the gut epithelium (Fig. 3a) . Apoptosis in Rad50 S/S Nbs1 DC/DC testes and gut was substantially mitigated, demonstrating that the effect of Nbs1 DC on apoptosis was not confined to haematopoietic cells ( Having established that Nbs1 DC impaired apoptotic cellular attrition induced by the Rad50 S allele, we examined the induction of apoptosis by ionizing radiation. Nbs1 DC/DC mice were irradiated and thymi were examined by immunohistochemical staining for cleaved caspase-3. Similar to Atm 2/2 , thymi from Nbs1 DC/DC mice showed reduced caspase staining after 10 Gy, indicating an attenuated apoptotic response to ionizing radiation in vivo (Fig. 3b) . To obtain a more quantitative view of the apoptotic defect, ionizing-radiation-induced apoptosis was assessed in Nbs1 DC/DC thymocytes ex vivo. Cultured thymocytes were c-irradiated with 0.5, 1, 2, 4, 6 and 8 Gy, and annexinV-positive cells, indicative of apoptosis, were scored by flow cytometry. At each ionizing radiation dose, apoptosis of Nbs1 DC/DC thymocytes was reduced (Fig. 3c) ; the reduction was comparable in magnitude to Atm 2/2 or Chk2 2/2 (also known as Chek2 2/2 ) thymocytes at 5 Gy (Fig. 3d) . This analysis also revealed that the distribution of CD4, CD8 and double-positive thymocytes in Nbs1 DC/DC was indistinguishable from wild type ( Supplementary Fig.  4b) ; hence, Nbs1 DC/DC does not phenocopy Atm 2/2 in which thymic differentiation is impaired 14 . If the apoptotic function of ATM were dependent on the NBS1 C terminus, Nbs1 DC/DC would be epistatic to Atm deficiency with respect to its apoptotic defect 4, 5 .
DC/DC
, consistent with the interpretation that the apoptotic functions of ATM are largely dependent on the C-terminal domain of NBS1 (Fig. 3d) . To determine if CHK2 functioned in the same signalling pathway as ATM and NBS1 in the thymus, we generated Atm 2/2 Chk2 2/2 double-mutant mice. Apoptosis in response to ionizing radiation was as deficient as in cells lacking p53 (Fig. 3d) . Hence, p53-dependent apoptosis is regulated in parallel, with CHK2 on one arm and the MRE11 complex and ATM on the other.
p53's influence on apoptosis in the thymus is mediated in part through transcriptional regulation of proapoptotic genes. This aspect of p53 function is dependent on CHK2, and only partially impaired by ATM deficiency 21, 22 . To address the mechanistic basis of the Nbs1 DC/DC apoptotic defect, changes in the levels of Bax and Puma (also known as Bbc3) mRNA were assessed at 8 h post 5 Gy of ionizing radiation using quantitative PCR. The levels of Bax and Puma mRNA were similar in both Nbs1 DC/DC and wild-type thymocytes (Fig. 4a) . In contrast, cells lacking CHK2 or p53 were almost completely deficient in their induction (Fig. 4a) . These data support the view that MRE11-complex-dependent apoptotic induction is largely CHK2-independent, consistent with previous data indicating that NBS1 and CHK2 exert parallel influences on the intra-S-phase checkpoint 23 .
Having established that transcriptional regulation was unaffected in Nbs1
DC/DC mice, we examined ATM substrates. The levels and phosphorylation status of the ATM substrates p53, CHK2 and the apoptotic effector BID were examined after ionizing radiation treatment. The ATM-dependent phosphorylation of BID was markedly reduced in Nbs1 DC/DC cells (Fig. 4b ). This finding is particularly compelling in light of the fact that Nbs1 DC/DC phenocopies BID deficiency with respect to apoptotic and intra-S-phase checkpoint defects 24, 25 . In contrast, no defects in the ATM-dependent and MRE11-complex-dependent hyperphosphorylation of CHK2 was observed in Nbs1 DC/DC cells (Fig. 4c) . Similarly, the phosphorylation and stabilization of p53 after ionizing radiation, which is defective in Atm 2/2 and Chk2 2/2 cells 21, 22, 26 , was normal in Nbs1 DC/DC (Fig. 4b) . These data support a model wherein the MRE11 complex, through the C terminus of NBS1, facilitates access of ATM to substrates that include effectors of apoptosis, and, in which the MRE11 complex and ATM act in parallel to CHK2. An implicit prediction of this model is met: the apoptotic defects of ATM-and CHK2-deficiency are additive (Fig. 3d) .
Loss of the NBS1 C terminus exerts a relatively circumscribed effect: NBS1 DC does not impair p53 phosphorylation, stabilization or transcriptional responses but reduces the ability of ATM to phosphorylate SMC1 as well as the proapoptotic BID protein. The phenotypic similarities between Nbs1 DC/DC and Bid 2/2 are consistent with the view that BID is among the major ATM-dependent apoptotic effectors impaired in Nbs1 DC/DC (refs 24, 25) . The precise role of BID phosphorylation in apoptosis remains unclear, but our data are consistent with the view that dynamic modification of BID influences apoptosis.
The findings presented support the functional significance of the NBS1 C terminus for ATM activity in vivo; however, the specificity of the Nbs1 DC/DC phenotype clearly demonstrates that ATM recruitment is not mediated solely by the NBS1 C terminus. In vitro analyses using purified proteins 27 , as well as the phenotypic differences between Nbs1 DB/DB (lacking the N terminus) 9 and Nbs1 DC/DC mice, illustrate that ATM makes multiple contacts with members of the MRE11 complex. We propose that ATM signalling (and presumably recruitment) may be mediated by distinct molecular determinants within the MRE11 complex, as well as in other DNA damage sensors and response mediators, and that different outcomes of the ATM-MRE11-complex DNA damage response may be governed by distinct molecular interactions.
METHODS SUMMARY
Cellular assays. Ionizing radiation sensitivity, analysis of chromosomal aberrations, G1/S, G2/M, and intra-S-phase checkpoint assays were performed as described 28 . Immunoblotting, immunoprecipitation and immunofluorescence. Immunoblotting and immunoprecipitations were carried out as described previously 2,29 . For analysis of NBS1 localization, MEFs were fixed in 4% formaldehyde and permeabilized with 0.25% TX-100. For IRIF analysis cells were fixed in 1:1 methanol:acetone 8 h post treatment with 10 Gy of ionizing radiation. Images were captured on a Zeiss Axiovert and imaged with a CCD camera using Volocity (Improvision) and cropped in Photoshop (Adobe). Apoptotic analysis. Apoptosis in thymocytes was assessed as previously described 29 at 20 h post ionizing radiation treatment, with the indicated dose. Haematopoietic cell preparation and analysis was performed as described 20 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
METHODS
Generation of mice. A bacterial artificial chromosome (BAC; 170N12) containing the carboxy terminus of NBS1 was identified by Southern blotting using a BAC array (Invitrogen), and sequence containing exons 13 to 16 was captured and modified via recombineering 30 to generate a conditional deletion allele of Nbs1, Nbs1
DCind (details of targeting construct available on request). The targeting vector was transfected into AC1 ES cells. Drug selection, clonal expansion, screening and generation of chimaeras was performed using standard procedures. Breeding of Nbs1 1/DCind mice with CAG-Cre mice resulted in the deletion of exon 15 and the Neo selectable marker. Nbs1 DBDB and Rad50 S/S mice were previously described 9, 20 . Cell derivation and culture. Murine embryo fibroblasts (MEFs) were generated as previously described 28 and grown in DMEM supplemented with 10% fetal bovine serum and glutamine. Cumulative cell growth was assessed using a 3T3 assay. One million cells were seeded per 10 cm dish. Every 3 days, cells were trypsinized, counted and the cumulative growth calculated. Cellular assays. Ionizing radiation sensitivity, analysis of chromosomal aberrations, G1/S, G2/M, and intra-S-phase checkpoint assays were performed as described 28 . For G2/M assays, MEFs were seeded at 350,000 cells per 6 cm plate 20 h before ionizing radiation treatment. Cells were irradiated using a Shepherd Mark I Cs-137 source at a dose rate of 202 cGy min 21 . One hour post irradiation, cells were harvested in trypsin, washed and fixed in ice-cold 70% ethanol. Fixed cells were stained with anti-phospho-serine10-histone H3 antibody (Upstate), goat-anti-rabbit-FITC (Jackson), and propidium iodide. Mitotic cells were identified as those with 4N DNA content and positive for S10-H3 staining using a FACScan (Becton Dickinson). For the intra-S-phase checkpoint analysis, 500,000 cells were seeded in 10 cm dishes and 18 h later labelled with C14 overnight. Cells were washed and split into 6 well dishes at 140,000 cells per well. Twenty hours later, samples were treated with ionizing radiation at the indicated dose. One hour post irradiation, cells were harvested in trypsin and fixed in icecold TCA. Fixed cells were bound to glass fibre filters (Whatman GF/C) and analysed in a scintillation counter (Beckman Coulter). For the G1/S, 750,000 early passage (1-4) MEFs were plated on 10 cm plates and irradiated 20 h later. Fourteen hours post irradiation, cells were pulsed with 10 mM BrdU for 4 h, trypsinized and fixed in 70% ice-cold ethanol. Fixed cells were stained with anti-BrdU-FITC (Becton Dickinson) and propidium iodide. BrdU-positive cells were identified by flow cytometry using a FACScan (Becton Dickinson). Immunoblotting, immunoprecipitation and immunofluorescence. Immunoblotting and immunoprecipitations were carried out as described previously 2,29 . For SMC1, cells were lysed in TNG buffer 18 with 400 mM NaCl and separated on 7.5% SDS-PAGE gels. For ATM, p53 and CHK2, MEFs or thymocytes were lysed in TNG buffer with 150 mM NaCl and run on 8% SDS-PAGE or 3-8% Tris-acetate gels (Invitrogen). Antibodies and dilutions used for immunoblotting were: mNBS1 (#93, derived in our lab) 1:20,000; mMRE11 (14D3, derived in our lab) 1:50; ATM-S1981 (Cell Signalling) 1:1,000; ATM (MAT3, gift from Yossi Shiloh) 1:3,000; SMC1-S957 (Cell Signalling) 1:1,000; SMC1 (Abcam) 1:3,000; p53 (CM5, Vector) 1:1,000; CHK2 (clone 7, Upstate) 1:400; S61-BID, S78-BID and anti-BID 1:1,000 (Bethyl Labs). For analysis of NBS1 localization, MEFs were fixed in 4% formaldehyde and permeabilized with 0.25% TX-100. For IRIF analysis, cells were fixed in 1:1 methanol:acetone 8 h post treatment with 10 Gy of ionizing radiation. Images were captured on a Zeiss Axiovert, imaged with a CCD camera using Volocity (Improvision) and cropped in Photoshop (Adobe). Apoptotic analysis. Apoptosis in thymocytes was assessed as previously described 29 . Thymi were isolated from 4-9-week-old mice and the cells dispersed through a 0.40 mm filter. One million cells were plated per sample and irradiated at the indicated dose. Cells were harvested at 20 h post treatment with 5 Gy of ionizing radiation and stained with anti-annexinV-FITC and propidium iodide (Becton Dickinson). Cells negative for AnnexinV and propidium iodide were identified using a FACScan (Becton Dickinson). Haematopoietic cell preparation and analysis was performed as described 20 . Immunohistochemistry. Mice were euthanized and tissues fixed in 4% paraformaldehyde (for thymi) or 10% neutral buffered formalin followed by 70% ethanol. Ionizing-radiation-treated mouse (whole-body irradiated in a Gammacell 40 Exactor (Nordion International) at a dose of 5 Gy) tissues were harvested 12 h post irradiation. Tissues were paraffinized in the MSKCC Genetically Engineered Mouse (GEM) phenotyping core and stained with haematoxylin and eosin (H&E), cleaved caspase-3 or TUNEL in the MSKCC histology core facility or the MSKCC GEM phenotyping core. Images were captured on an Olympus DP-12 camera and cropped in Photoshop (Adobe).
